Abstract. The E6 and E7 oncoproteins of human papilloma virus (HPV) type 16 have been known to cooperatively induce the immortalization and transformation of primary keratinocytes. We established an E7 transgenic mouse model to screen HPV-related biomakers using the omics approach. The methods used to identify HPV-modulated factors were genomics analysis by microarray using the Affymetrix 430 2.0 array to screen E7-modulated genes, and proteomics analysis using nano-LC-ESI-MS/MS to screen E7-modulated proteins with the lung tissue of E7 transgenic mice. According to omics data, cyclin B1, cyclin E2, topoisomerase II·, calnexin, activated leukocyte cell adhesion molecule CD166, actinin ·1, diaphorase 1, gelsolin, platelet glycoprotein, and annexin A2 and A4 were up-regulated in the E7-Tg mice, while proteoglycan 4, sarcolipin, titin, vimentin, drep 1, troponin and cofilin-1 were down-regulated. We further confirmed the significance of differences between the expression levels of the selected factors in E7-Tg and non-Tg mice by real-time PCR. Genes related to cancer cell adhesion, cell cycle and migration, proliferation and apoptosis, as well as to the intermediate filament network and to endoplasmic reticulum proteins, were selected. Taken together, the results suggest that the E7 oncogene modulates the expression levels of cell cycle-related (cyclin B1, cyclin E2) and cell adhesionand migration-related (actinin ·1, CD166) factors, which may play important roles in cellular transformation in cancer. In addition, the solubilization of the rigid intermediate filament network by specific proteolysis mediated via up-regulating gelsolin and down-regulating cofilin-1, as well as increased levels of endoplasmic reticulum protein calnexin with chaperone functions, might also be involved in E7-lung epithelial cells.
Introduction
Human papillomaviruses (HPVs) are small circular doublestranded DNA viruses that belong to the Papovaviridae family. HPV DNA has been identified in more than 95% of all cervical tumors, with types 16, 18, 31, 33, 45 and 51 most frequently associated with genital malignancies (1) . The E7 oncoproteins contain approximately 98 amino acids and incorporate three conserved regions, CR1, CR2 and CR3 (2) . The CR1 domain consists of the amino terminus (NH 2 -terminal) and is necessary for cellular transformation and retinoblastoma gene product (pRb) degradation, but does not contribute to pRb binding (3) . CR2 comprises an LxCxE motif that mediates the binding of E7 to retinoblast (Rb) tumor suppressor protein family members. CR3 contains two zinc finger motifs (4) (5) (6) (7) (8) . E7 also contains a casein kinase II phosphorylation site that leads to the phosphorylation of E7 during the G1 and S phases of the cell cycle (5) . One of the main functions of the E7 protein in the HPV life cycle is the binding and degradation of the Rb family of proteins. The Rb proteins are major regulators of the cell cycle. E7 protein is primarily localized in the nucleus, where it associates with the pRb to facilitate progression into the S-phase of the cell cycle. By associating with hypophosphorylated pRb, E7 prevents its binding with E2F, thereby promoting cell cycle progression. Besides pRb, E7 interacts with two other members of the pRb family, p107 and p130. This also negatively regulates E2F transcription (7, 9, 10 In this study, we focused on surveying the genes and proteins modulated by E7 in the lung tissue of E7-transgenic mice. In addition, to elucidate whether E7 could activate putative biomarkers, such as cell cycle-and cancer cell adhesion-and migration-related genes in lung cancer development, we attempted to i) examine whether E7 modulates factors related to lung tumors; and ii) understand whether E7 oncogene expression in lung tissue was associated with the signaling pathway related to cancer development.
Materials and methods
Cell culture. Cervical cancer cell line CaSki containing 60-600 copies of the HPV-16 genome (11) was maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 25 ng/ml amphotericin B (Gibco BRL, Grand Island, NY) and 10% fetal bovine serum (FBS) (Hyclone, South Logan, UT) at 37˚C in a humidified incubator with 5% CO 2 .
Plasmid construction. cDNA was synthesized by RT-PCR from total RNA isolated from CaSki cells. The primers for E7 synthesis were as follows; sense 5'-CG GAA TTC ATG CAT GGA GAT ACA CCT ACA-3' and antisense 5'-CG GAA TTC AGC CAT GGT AGA TTA TGG TTT-3'. The PCR product was cloned into the EcoRI site of the pCAGGS vector, and then used to establish the E7-Tg mouse model.
Preparation of pCAGGS/E7 and establishment of transgenic mice.
For the HPV16 E7 transgenic mouse model, concentrated E7 cDNA was prepared. pCAGGS/E7 plasmid was prepared using the Qiagen MIDI-prep kit. E7 transgenic mice were generated by DNA microinjection of 20 μg E7 DNA into the embryos of BDF1 mice as previously described (12) . Experimental treatments were carried out according to the guidelines for animal experimentation at the Faculty of Laboratory Animal Research Center, Konkuk University. E7 expression was confirmed with the isolated genomic DNA of Tg-mouse using Super Taq Plus Pre-mix (RexGene BioTech PCR Systems, Korea) and specific primer sets (PCR product 300 bp): sense 5'-CGT GCT GGT TGT TGT GCT GTC T-3' and antisense 5'-CGG AAT TCA GCC ATG GTA GAT TAT GGT TT-3'. pCAGGS/E7 was used as a positive control and pCAGGS (6.5 kbp) as a negative control. GAPDH was used as an internal control.
Genomics analysis. Gene expression analysis was conducted on RNA samples from the lung tissue of E7-Tg mice (female, 3 months old). Total RNA was prepared from mouse liver using TRIzol reagent (Invitrogen). For the microarray experiment, 10 μg of total liver RNAs from two mice was used for cRNA synthesis. RNAs were pooled because pilot experiments with Affymetrix chips at Pfizer indicated that the inter-animal variability in gene expression as well as variability between repeated hybridizations of the same pooled RNA sample were statistically insignificant (13) . Labeling and hybridization were performed using the Affymetrix 430 2.0 Array Kit (Affymetrix, Santa Clara, CA) following the manufacturer's instructions. Fluorimetric data were processed by Affymetrix GeneChip3.1 software, and the gene chips were globally scaled to all the probe sets with an identical target intensity value. Affymetrix software measures the expression level of a gene as an average difference value (Avg Diff) by comparing the intensity of hybridization of 20 sets of perfect match oligonucleotide probes to 20 sets of mismatch probes. Genes that had an Avg Diff value above the threshold of 100 and at least 2-fold Avg Diff values between wild-type and E7-Tg mice were selected.
Proteomics analysis. Proteins were loaded on 4-20% TrisGlycine Gel (Invitrogen, Carlsbad, CA). The gel fragments were excised in 10 bands according to molecular weight and digested with sequencing grade modified trypsin (Promega, Madison, WI) at 12.5 ng/μl in 50 mM NH 4 HCO 3 buffer (pH 8.0) at 37˚C overnight. The resulting tryptic peptides were loaded onto a fused silica microcapillary column (15 cm x 75 μm) packed with C18 (5 μm, 200 Å) reversed phase resin and were separated by liquid chromatography (LC) using a linear gradient of 5-50% buffer A for 65 min followed by 50-90% buffer B for 5 min (buffer A, 0.1% formic acid in H 2 O; buffer B, 0.1% formic acid in acetonitrile) at a flow rate of 250 nl/min. The column was connected directly to LTQ iontrap mass spectrometry (Thermo Finnigan, Waltham, MA) equipped with a nano-electrospray ion source, and the eluent peptides were dynamically selected for fragmentation by the operating software. Protein identification was performed using Spectrum Mill Proteomics Workbench version A.03.03 (Agilent Technologies). Data files were extracted using the Spectrum Mill Data Extractor. Searches were carried out against the human NCBInr database in both forward and reverse directions using the Spectrum Mill program with the following parameters: specific to trypsin with two missed cleavage sites; ±2.5 Da precursor-ion tolerance; and ±0.7 Da fragment-ion tolerance. Carboxyamidomethylation of cysteine and oxidation of methionines were allowed as variable modifications. The initial results were auto-validated using the following parameters for details on the protein mode: scored percent intensity (SPI) >70% for matches with a score >7 for +1, >9 for +1, >9 for +3, >8 for +4; and a SPI >90% for a score >6 on +1. The proteins were summarized by validated peptides using the following parameters: >13 for protein score; SPI >70% for a score >9 on the peptide; and at least 2 distinct peptide hits included in each protein. A semi-quantitative analysis of protein profile data was performed by comparing total peptide intensity with the peptides of an identified protein. Total peptide intensity was obtained by summing up the peptide intensities of the peptide hits for the protein.
False-positive rates were calculated as previously described (14) .
RNA isolation and cDNA synthesis for Q-PCR analysis.
Total RNAs were isolated from the lung tissue of E7 transgenic mice to measure the quantity of the various genes. The lungs of E7 transgenic and non-transgenic mice were collected, homogenized, and lysed using TRIzol. Total RNAs were cleaned up using the RNeasy Mini Kit (Qiagen, CA) according to the manufacturer's protocol. The total RNA (3 μg) of each mouse and 3 μg of oligo(dT) were used for cDNA synthesis using reverse transcriptase (BioLabs).
Real-time quantitative PCR.
Gene expression levels of the E7-Tg mice were confirmed using Bio-Rad SYBR Green quantitative real-time PCR (Bio-Rad, CA). Primer pairs producing a unique band and no primer dimerization were selected for real-time PCR assays. The sequences of the PCR primer pairs are listed in Table I 
Results

Establishment and confirmation of E7 transgenic mice.
We attempted to verify that E7 cDNA was properly translated into E7 protein before injecting it into the mice. E7 was fused with GST and then expressed in Escherichia coli. GST-fused E7 protein was detected in Western blotting using the antibody to E7 at ~40 kDa (Fig. 1A ). E7 cDNA was cloned into mammalian expression vector pCAGGS and then used for E7 transgenic mouse production. E7 transgenic mice were confirmed by RT-PCR with genomic DNA extracted from their tail pieces. PCR product of 300 bp was observed on 1% agarose gel (Fig. 1B) , suggesting that four transgenic mice were produced at this mating.
Histopathological examination and selection of E7-Tg mice for the identification of E7 modulators. E7 male mice aged 3 and 7 months were sacrificed. Lungs were removed and compared with lungs from non-Tg mice. There was no significant phenotypic difference between the two groups (data not shown). It has been reported that ~10% of E7 transgenic mice carrying two copies of the K14-HPV16, which is expressed in squamous epithelia, spontaneously develop skin tumors at 10 months of age as well as cervical tumors (with estrogen treatment) (15) . On the basis of this report, we used 3-monthold mice for omics analysis to identify biomarkers related to HPV and epithelial cancer at an early developmental stage.
Gene expression profiles of the lung tissues of E7-Tg mice.
As shown in Fig. 2 and Table II , we respectively categorized up-and down-regulated genes according to their biological functions. Genes related to metabolism, cellular and/or physiological processes and muscle fiber development were the most modulated in their expression levels. Among the upregulated genes, the proportion of genes related to cell cycle and macromolecule metabolism was high, and that of several genes involved in nucleotide metabolism was moderate. Genes related to cell organization and biogenesis, muscle fiber development and response to stress were prone to be decreased. Genomics analysis using E7-Tg mice showed that sarcolipin, titin, cyt p450 and proteoglycan 4 were down- Figure 1 . Western blot analysis of GST-fused E7 recombinant protein and screening of E7 transgenic mice. (A) GST-E7 was purified from E. coli, resolved by SDS-PAGE, transferred onto a nitrocellulose membrane, and then detected with anti-E7 antibody. (B) Screening of E7 transgenic mice. Genomic DNA was isolated from the tails of the mice, and E7-expressing mice were screened by PCR. pCAGGS/E7 was used as a positive control (lane P) and pCAGGS as a negative control (lane 1). Lane 2, a non-Tg mouse. Table I . List of primers used for Q-PCR. Table II . Genes regulated by the E7 oncogene. 
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regulated, while topoisomerase II· as well as cell cycle-related genes such as centrosomal protein 55, cylin B1, cyclin E2, checkpoint kinase 1 and cell division cycle 46 were upregulated by the E7 oncogene in the lung tissues of Tg mice (Table II) 
Protein expression profiles of the lung tissue of E7-Tg mice.
Proteins modulated by the E7 oncogene were analyzed by liquid chromatography/electrospray ionization tandem mass spectroscopy (LC-ESI-MS/MS). In the case of E7-Tg mice, 136 up-regulated proteins and 217 down-regulated proteins were classified by fold change, as shown in Table III . Proteins up-and down-regulated by the E7 oncogene were classified according to the Gene Ontology database (http://www. geneontology.org/) based on cellular composition and the biological process using the house-made FindGo program as shown in Fig. 3 . After a comparison of the protein expression profiles of normal and E7-Tg mouse lungs, we constructed pie charts that divided several types of proteins based on their cellular composition (Fig. 3A) . Upon analysis of the upregulated proteins, cell proliferation-related and nuclear and intracellular proteins were most apparent in E7-Tg mice, while proteins related to the protein complex as well as mitochondrial and extracellular proteins were principally observed in normal mice. Golgi apparatus-, endoplasmic reticulum-and cytoskeleton-related proteins showed no variation between normal and E7-Tg mice. We also classified proteins with known functions based on their involvement in biological processes, as shown in Fig. 3B . It was found that proteins involved in translation/transcription nucleotide sequences (5 to >6%) as well as transport/localization (16 to >18%) were increased, while those involved in protein folding (2 to >1%) and cell adhesion (3 to >2%) were decreased in the lung adenomas of E7-Tg mice. Significantly up-and downregulated proteins found by comparing the protein expression profiles of normal and E7-Tg mouse lungs are listed in Table IV . Glutathione S-transferase, cofilin, destrin, Rho GDP dissociation inhibitor ·, ADP-ribosylation factor 2, vimentin, drep1 protein, and protein disulfide isomerase associated 3 were down-regulated, while gelsolin, Na + /K + -ATPase ·1 subunit, UDP-glucose ceramide glucosyl transferase, mitochondrial malate dehydrogenase, calnexin, platelet glycoprotein, activated leukocyte cell adhesion molecule CD166, diaphorase, actinin ·1, and annexin A2 and A4 were up-regulated by the E7 oncogene in the lung tissue of transgenic mice (Table IV) .
Evaluation of E7-modulators by quantitative real-time PCR.
Quantitative real-time PCR analysis was used to measure the quantity of transcripts modulated by the E7 oncogene in the Table III . Proteomics analysis of protein profiling of lung proteins in the E7-Tg mice. <3  21  27  3-5  12  15  5-9  10  25  >10 93 150
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Data files were extracted using the Spectrum Mill Data Extractor with the parameters of [MH + ] 600-40000 and minimum signal-to-noise (S/N) 25. Searches were carried out against the human NCBInr database in both forward and reverse directions using the Spectrum Mill program (Agilent Technologies) with the following parameters: specific to trypsin with two missed cleavage sites; ±2.5 Da precursorion tolerance; and ±0.7 Da fragment-ion tolerance. The initial results were auto-validated as described in Materials and methods. Acceptance scores: protein >13; peptide >9; score peak intensity >70%. DB, NCBI database.
lung tissues of E7-Tg mice. Non-TG mice were used as the control in this experiment. Real-time PCR was performed for the selected genes related to cancer cell adhesion, cell cycle and migration, and for the genes related to proliferation and apoptosis listed in Tables II and IV . The gene and protein expression data obtained from omics analysis were consistent with the real-time PCR analyses (Fig. 4) . The results indicated that cyclin B1, cyclin E2, activated leukocyte cell adhesion molecule CD166, actinin ·1, calnexin and gelsolin were upregulated, while cofolin-1 and vimentin were down-regulated by the E7 oncogene (Fig. 4) .
Discussion
Viral oncogenes such as HPV16 E6, HPV16 E7, HBV X and adenovirus EIA have been known to bind to p53 and Rb, which are typically anticancer genes. As a consequence of the blocking of the functions of these antitumor genes, cancer is induced. In the case of the E7-Tg mouse model, although it was developed and distributed by The National Cancer Institute/ Mouse Models for Human Cancer Consortium (Bethesda, MD, USA), the implantation percentage of the fertilized eggs was too low and the incidence of malignant tumors was less than Table IV . Proteins regulated by the E7 oncogene. ----------------------------------------------------------------------------------------------------------10% , so distribution has currently been halted. As a result, the transgenic mice expressing HPV16 E7 oncoprotein used in the present study were constructed by microinjecting the E7 recombinant gene into normal mice. Two transgenic mice (nos. 153 and 155) were confirmed to be transformed with the E7 oncogene by PCR. Mouse no. 155 was bred to generate ten littermates, and four transgenic mice were finally identified out of the ten (Fig. 1B) . The lungs of 3-and 7-month-old E7 male mice were removed and compared with those of non-Tg mice, revealing that there was no significant difference between the two groups (data not shown). It has previously been demonstrated that ectopic expression of HPV-16 E6 and E7 in the skin of one HPV-16 transgenic mouse lineage can induce squamous cell carcinomas in 25% of the adult mice (16) . However, Greenhalgh et al also directed expression of HPV-16 E6 and E7 together to the epidermis using a suprabasal layer-specific K1 promoter. Their mice also exhibited epidermal hyperplasia and, at lower frequencies, the incidence of papillomas (17) . Arbeit et al directed expression of the entire early region of HPV-16 to the epidermis by using the same K14 promoter, but failed to detect squamous cell carcinomas (18) . In these studies, 3-month-old E7 transgenic mice were used for omics analysis in order to identify transcripts and proteins related to HPV and epithelial cancer at the early developmental stage.
Here, omics data demonstrated that the E7 oncogene up-regulated genes related to the cell cycle and adhesion and migration, which may lead to oncogenesis. Two intermediate filament proteins, vimentin and cofilin-1, were downregulated, while gelsolin was up-regulated by the E7 oncogene (Fig. 4) . Destrin was not significantly down-regulated in the lung tissues of E7-Tg mice. Cofilin-1 and destrin promote cytoskeletal dynamics by depolymerizing actin filaments. Cells that knocked-down those genes also had defects in cell motility and cytokinesis, caused by diminished actin filament depolymerization rates (19) . It is well known that apoptotic cells are significantly reduced by levels of the intermediate filament proteins, keratins-18, -19, vimentin and the associated 14-3-3 adapter proteins (20) . Calnexin was markedly increased while protein disulfide isomerase associated 3 was not significantly altered in the lung tissues of E7-Tg mice (Table IV) . In vivo, it is likely that cytoplasmic actin binds and inhibits the enzymatic activity and nuclear translocation of DNase I, and that disruption of the actin-DNase I complex results in activation of DNase I. It was demonstrated that the N-terminal fragment of gelsolin (N-gelsolin) disrupts actin-DNase I interaction, and that cofilin stabilizes the actin-DNase I complex by forming a ternary complex that prevents N-gelsolin from releasing DNase I from actin, suggesting that both cofilin and gelsolin are essential in modulating the release of DNase I from actin (21) . Collectively, previous and our present data indicate that apoptosis-associated processes in lung epithelial cells include solubilization of the rigid intermediate filament network by specific proteolysis as well as increased levels of endoplasmic reticulum proteins with chaperone functions (20) . It is presumed that small interfering RNA-mediated silencing of actinin-1· in tumor tissue can disrupt E7-stimulated cancer cell adhesion and migration and thereby inhibit subsequent cancer cell growth. In these studies, we identified E7-modulated biomarkers such as cell cycle-(cyclin B1, cyclin E2) and cancer cell adhesion-and migration-(CD166, actinin ·1) related genes, which may play important roles in cellular transformation in cancer. In addition, solubilization of the rigid intermediate filament network by specific proteolysis mediated via up-regulating gelsolin and down-regulating cofilin-1, as well as increased levels of endoplasmic reticulum proteins with chaperone functions, might also be involved in E7-lung epithelial cells. 
